Abstract. Cerebral infarction is a cerebrovascular disease caused by local brain ischemic necrosis or softening, which is associated with diabetes, obesity, hypertension and rheumatic heart arrhythmia. Previous studies have indicated that aspirin is a potential oral anticoagulant in the treatment of cerebral ischemic stroke. However, the potential mechanism mediated by aspirin in cerebral infarction therapy is not well understood. The present study analyzed the therapeutic effects of aspirin on cerebral infarction and investigated the underlying molecular mechanism of aspirin-ameliorated benefits for thrombolysis. The results demonstrated that aspirin inhibited inflammation and apoptosis of cerebrovascular endothelial cells in a mouse model of cerebral infarction. Aspirin treatment suppressed toll-like receptor (TLR)4 and nuclear factor (NF)-κB expression in cerebrovascular endothelial cells. Endoplasmic reticulum (ER) stress was suppressed by aspirin treatment through the downregulation of protein kinase R-like endoplasmic reticulum kinase, eukaryotic translation initiation factor 2 subunit 1 and C/EBP homologous protein expression levels in cerebrovascular endothelial cells. It was identified that knockdown of TLR4 inhibited aspirin-mediated downregulation of NF-κB signaling pathway and ER stress in cerebrovascular endothelial cells. Expression levels of adenosine diphosphate plasminogen activator inhibitors, von Willebrand factor and thromboxane were downregulated in cerebrovascular endothelial cells and in serum in experimental mice. The results demonstrated that aspirin was beneficial forthrombolysis by decreasing thrombin-activatable fibrinolysis inhibitor and plasminogen activator inhibitor-1 expression in a mouse model of cerebral infarction. These results suggested that aspirin may improve cerebral infarction by downregulating TLR4/NF-κB-mediated ER stress in a mouse model.
Introduction
Cerebral infarction is a severe neurological disease that is characterized by obstacles to the brain blood supply or limitations in brain tissue and frequently leads to cerebral ischemic necrosis anoxic lesions (1, 2) . Previous studies have suggested that cerebral infarction may result innerve dysfunction and is often associated with high blood pressure, diabetes, hyperlipidemia and other risk factors (3, 4) . Clinical investigations indicate that pathological changes of blood vessel walls, blood composition changes and drug-induced or injury-caused cerebral artery dissection contribute to the initiation and development of cerebral infarction (5, 6) . Thrombolytic treatments are the most commonly used therapy for patients suffering from cerebral infarction and it is necessary to understand the underlying therapeutic effects and potential molecular mechanisms in the progression of cerebral infarction.
The imbalance between coagulation and the fibrinolytic system serves an important role in the progression and pathogenesis of arterial thrombosis (7) . Aspirin is effective and safe in the secondary prevention of cerebral infarction, as previously reported in a number of randomized, double-blind trials (8, 9) . Tissue plasminogen activator (tPA) is an effective drug approved by US FDA for the treatment of ischemic stroke, and it exhibits pleiotropic effects in addition to thrombolysis (10) . Thrombin-activatable fibrinolysis inhibitor (TAFI) is also an anti-fibrinolytic factor with an increased risk of cerebral infarction as the levels of plasma TAFI increase (11, 12) . Previous studies have suggested that TAFI and plasminogen activator inhibitor (PAI)-1serve crucial roles in the initiation and development of deep cerebral infarction (13, 14) . Inflammation and apoptosis of cerebrovascular endothelial cells increase the aggravation of cerebral infarction and other syndromes inpatients (14) .
The present study investigated the therapeutic effects of aspirin on cerebral infarction in a mouse model. Potential molecular mechanisms mediated by aspirin were analyzed in cerebrovascular endothelial cells in a mouse model of cerebral infarction. The anti-inflammatory and anti-apoptotic effects of aspirin were also researched. The results indicated that aspirin can inhibit inflammation and apoptosis in addition to its profibrinolytic properties, as determined by in vitro and in vivo analysis. These findings suggested that aspirin may be a potential drug for cerebral infarction therapy, which may act by downregulating toll-like receptor (TLR)4/nuclear factor (NF)-κB-mediated endoplasmic reticulum (ER) stress.
Materials and methods
Ethical approval and participant consent. The present preclinical study was approved by the Ethics Committee of Dezhou People's Hospital (Shandong, China). All surgeries and euthanasia of experimental animals were performed under sodium pentobarbital anesthesia to minimize pain.
Cells and reagents. Cerebrovascular endothelial cells were isolated from experimental mice according to a previous study (15) and cultured in minimum essential medium (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA). Cells were cultured in a 37˚C humidified atmosphere of 5% CO 2 .
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was extracted from cerebrovascular endothelial cells and serum using an RNA plus kit (Invitrogen; Thermo Fisher Scientific, Inc.) following the manufacturer's protocol, and treated with 2 U/µg DNase I (Invitrogen; Thermo Fisher Scientific, Inc.) at 37˚C for 30 min. A total of 5 µg RNA per sample was primed with Oligo dT primer (Takara Biotechnology Co., Ltd., Dalian, China) and reverse transcribed using the AMV Reverse Transcription System (Invitrogen; Thermo Fisher Scientific, Inc.). For the PCR experiments, the following forward and reverse primers were used: Forward, 5'-TGG CAG CAG TGA CAG CAG CA-3' and reverse, 5'-TAC GGA GGT GGA GTG GGT GT-3' for ADP; forward, 5'-AGC CGA GGA AGA ACT ATG AAC-3' and reverse, 5'-ATT TGA GGG TGA GGA ATG GG-3' for PAI-1; forward, 5'-GAG GGC AGA ATC ATC ACG AAG T-3' and reverse, 5'-TGA GAG ATC TGG TTC CCG AAA C-3' for vWF; forward, 5'-CAA GGC AGA GGT GGG TTT GG-3' and reverse, 5'-GGC ACC TTT TCA GTT GCT CAC-3' for thromboxane; forward, 5'-CAA AGG TGG ATC AGA TTC AAG-3' and reverse, 5'-GGT GAG CAT TAT CAC CCA GAA-3' for the reference gene GAPDH. The RT-qPCR mixture system comprised cDNA templates (1 µl; Invitrogen; Thermo Fisher Scientific, Inc.), primers (2 µl eachof the forward and reverse primers) and SYBR Green qPCR Master mix (5 µl; Invitrogen; Thermo Fisher Scientific, Inc.). The PCR conditions included an initial denaturation step of 94˚C for 2 min, followed by 30 cycles of 94˚C for 30 sec, 59˚C for 30 sec, 72˚C for 2 min and a final elongation step at 72˚C for 10 min. Taq DNA polymerase was purchased from Sigma-Aldrich; Merck KGaA. GAPDH was used as an internal control to normalize gene expression. The relative gene expression levels were calculated using the 2 -∆∆Cq method (16) . All experiments were repeated 3 times. Animals. A total of 30 maleC57BL/6 mice (mean age of 6 months and a body weight of 20-25 g) were purchased from Vital River Laboratory Animal Technology Co. Ltd. (Shanghai, China). Mice were maintained in a room with constant temperature (22±1˚C) and a 12-h light/dark cycle, and cages in groups <5 per cage with ad libitum access to food and water. Mice were used to establish the model of cerebral infarction by local atherosclerosis cerebral ischemic necrosis according to previous study (17) . Experimental mice were randomly divided into two groups after cerebral infarction surgery (n=15 in each group) and received aspirin or PBS treatment for 30 days. Aspirin (20 mg/kg body weight) or PBS was administered in drinking water once/day. The experimental mice were sacrificed under 1.5% pentobarbital sodium (1 ml/kg; Lianshuoinc, Shanghai, China) on day 30 for further analysis.
Immunohistochemical analysis. Cerebrovascular tissues were isolated from experimental mice following 30-day treatment with aspirin or PBS. The tissues in cerebral infarction were soaked in mixed stationary liquid (RongboBio, Shanghai, China) to fully fix for 24 h at room temperature. It was then washed in flowing water for 24 h, and underwent conventional gradient alcohol dehydration, and xylene paraffin embedding. The wax blocks were cut into sections, with each section cut at 4 µm thickness for immunohistochemical staining. The sections were dewaxed by conventional methods and underwent microwave antigen retrieval at 95˚C for 10 min. After cooling, they were washed with distilled water and blocked in normal fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.) at room temperature for 30 min. The primary antibody TLR4 (1:500; cat no. ab13867; Abcam) and NF-κB (1:500; cat no. ab32360; Abcam) was added and placed at 4˚C for 20 h. The slides were allowed to equilibrate for 1 h at room temperature, and soaked in PBS four times for 5 min. Then, secondary antibody (1:1,000; cat. no. ab6717; Abcam) was added and allowed to incubate at 37˚C for 10 min, after which the slides underwent PBS cleaning three times for 5 min. Slides were observed with a BZ-9000 fluorescent video microscope (Keyence Corporation, Osaka, Japan). All experiments were repeated 3 times. Knockdown of TLR4. TLR4 small interfering RNA (siRNA) and scramble siRNA (as a negative control) were purchased from Shanghai GenePharma Co., Ltd. (Shanghai, China). The sequences were as follows: si-TLR4, forward 5'-GCA UCU CUA CAU UCA AGA A-3' and reverse 5'-UUC UUG AAU GUA GAG AUG C-3'; scrambled sequence (si-NC), forward 5'-UUC UCC GAA CGU GUC ACG U-3' and reverse 5'-ACG UGA CAC GUU CGG AGA A-3'. For transfection, cerebrovascular endothelial cells at a density of 1x10 5 cells/well were seeded in each well of a 24-well microplate, grown for 24 h to reach 30-50% confluence and then incubated with TLR4 siRNA or scrambled siRNA and Lipofectamine™ 2000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.) in 100 µl serum-free Dulbecco's Modified Eagle's medium (Gibco; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. The CCN4 knockdown was confirmed by western blot analysis and RT-qPCR.
Assessment of thrombus formation in vivo.
Apoptosis analysis. Cerebrovascular endothelial cells (1x10 4 cells) were isolated from experimental mice, trypsinized and collected by centrifugation (1,500 x g) for 10 min in order to apoptosis analysis. Cell density was adjusted to 5x10 6 cells/ml with PBS, labeled with annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (PI) using the Annexin V-FITC kit from BD Biosciences (Franklin Lakes, NJ, USA) and analyzed with a FACScan flow cytometer (BD Biosciences). Apoptotic rate of cerebrovascular endothelial cells was analyzed by flow cytometry (BD, Biosciences) using WinMDI software (version 2.9; BD Biosciences). All experiments were repeated 3 times.
Statistical analysis. All data were presented as mean ± standard error of the mean. Statistical significance was established using two-tailed Student's t-test using SPSS software version 19.0 (IBM Corp., Armonk, NY, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

Aspirin inhibits inflammatory cytokines in cerebrovascular endothelial cells and serum in a mouse model of cerebral infarction.
Inflammation has been regarded as a therapeutic target in cerebral infarction (17) . The present study analyzed the cellular inflammatory response and the levels of inflammatory mediators in cerebrovascular endothelial cells and serum in mice with cerebral infarction. Serum concentrations of interleukin (IL)-6, tumor necrosis factor (TNF)-α and IL-1β were significantly decreased in aspirin-treated cerebral infarction mice compared with expression levels in control mice (Fig. 1A-C, respectively) . Western blot analysis demonstrated that protein expression levels of IL-6, TNF-α and IL-1β were downregulated in cerebrovascular endothelial cells following treatment with aspirin ( Fig. 1D-F, respectively) . These results suggested that aspirin may inhibit inflammatory cytokine expression in cerebrovascular endothelial cells and serum in a mouse model of cerebral infarction.
Aspirin inhibits apoptosis of cerebrovascular endothelial cells in a mouse model of cerebral infarction.
The anti-apoptotic effects of aspirin in a cerebral infarction mouse model were evaluated. The rate of apoptosis of cerebrovascular endothelial cells was significantly decreased by aspirin treatment, compared with control cells (Fig. 2A) . Results from western blot analysis demonstrated that caspase-12, caspase-3 and caspase-9 expression levels were downregulated in aspirin-treated mice compared with control mice (Fig. 2B-D, respectively) . However, expression levels of antiapoptoticp53 and B-cell lymphoma 2(Bcl-2) proteins were significantly increased in cerebrovascular endothelial cells in the aspirin-treated mice compared with the controls (Fig. 2E and F) . These results indicated that aspirin may inhibit apoptosis in cerebrovascular endothelial cells in a mouse model of cerebral infarction.
Aspirin treatment suppresses TLR4, NF-κB, p65, IκBα, IKKβ, ADP, PAI-1, VWF and thromboxane expression in cerebrovascular endothelial cells.
To explore the therapeutic effects of aspirin, TLR4 and NF-κB expression in cerebrovascular endothelial cells was analyzed. The protein expression level of TLR4 was downregulated in cerebrovascular endothelial cells in aspirin-treated mice, compared with control mice (Fig. 3A) . The results also demonstrated that aspirin treatment reduced the protein expression levels of NF-κB p65, inhibitor of NF-κB kinase (IKK)β and NF-κB inhibitor (IκB)α in cerebrovascular endothelial cells compared with control-treated cells (Fig. 3B-D, respectively) . RT-qPCR analysis revealed that the mRNA expression levels of activator inhibitor type-1 (ADP), (PAI-1), von Willebrand factor (VWF) and thromboxane were significantly reduced in cerebrovascular endothelial cells ( Fig. 3E) and in serum (Fig. 3F) in experimental mice. These results demonstrated that aspirin treatment may suppress TLR4NF-κB, p65, ADP, PAI, VWF and thromboxane expression in cerebrovascular endothelial cells. 
Aspirin treatment decreases ER stress in cerebrovascular endothelial cells in a mouse model of cerebral infarction.
Changes in ER stress in cerebrovascular endothelial cells in a mouse model of cerebral infarction were investigated. As demonstrated in Fig. 4A -C, the protein expression levels of PERK, eIF2α and C/EBP homologous protein (CHOP) were significantly downregulated by aspirin treatment in cerebrovascular endothelial cells, compared with expression levels in control cells. The data also indicated that PERK and eIF2α activity were downregulated by aspirin in cerebrovascular endothelial cells (Fig. 4D) . In addition, the protein expression levels of glucose-regulated protein (GRP)78 and activating transcription factor (ATF)-6 were significantly downregulated by aspirin treatment in cerebrovascular endothelial cells (Fig. 4E and F, respectively) . These results suggest that aspirin treatment decreases ER stress in cerebrovascular endothelial cells in a mouse model of cerebral infarction.
Aspirin treatment regulates ER stress through TLR4-NF-κB signaling pathway in cerebrovascular endothelial cells. The potential mechanism of aspirin-mediated improvements of ER stress was investigated. The results demonstrated that knockdown of TLR4by si-TLR4 transfection inhibited the protein expression levels of p65, IKKβ and IκBα (Fig. 5A-C, respectively), and increased NF-κB activity in cerebrovascular endothelial cells (Fig. 5D ). Aspirin-inhibited expression levels of GRP78, ATF-6 and CHOP were canceled by TLR4 knockdown in cerebrovascular endothelial cells (Fig. 5E-G) . TLR4 knockdown also inhibited aspirin-downregulated PERK and eIF2α activity in cerebrovascular endothelial cells (Fig. 5H) . These results demonstrated that aspirin treatment downregulated ER stress through the TLR4-NF-κB signaling pathway in cerebrovascular endothelial cells.
In vivo efficacy of aspirin for a mouse model of cerebral infarction.
The present study further analyzed the in vivo efficacy of aspirin for cerebral infarction in a mouse model. The results demonstrated that aspirin treatment may suppress thrombolysis through increasing expression levels of TAFI and PAI-1 in cerebrovascular endothelial cells (Fig. 6A and B, respectively) . TAFI and tPA plasma concentration levels were significantly decreased in cerebral infarction model mice following treatment with aspirin, compared with control-treated mice (Fig. 6C and D, respectively) . The result revealed that aspirin could suppress thrombolysis in a mouse model of cerebral infarction (Fig. 6E) . Immunohistochemical analysis demonstrated that TLR4 and NF-κB expression levels were downregulated by aspirin treatment in cerebrovascular lesions (Fig. 6F) . These results suggested that aspirin may be beneficial for the treatment of cerebral infarction.
Discussion
Cerebral infarction is a combination of pathophysiological processes that are induced by local atherosclerosis cerebral ischemic necrosis (18, 19) . Thrombolytic treatments for cerebral infarction are efficient in clearing cerebrovascular congestion in patients (5, 20) . The therapeutic effects of aspirin for cerebral infarction by anti-platelet aggregation have been investigated in previous studies (21, 22) . The present study investigated the potential mechanism of aspirin-mediated treatments of cerebral infarction in an animal model. The present study indicated that aspirin inhibits inflammation and apoptosis of cerebrovascular endothelial cells in experimental mice induced with autologous arterial blood clot. The results also indicated that aspirin treatment may inhibit ER stress through the suppression of TLR4-mediated NF-κB signaling in cerebrovascular endothelial cells, which may contribute to thrombolysis in a mouse model of cerebral infarction Inflammation is associated with the progression of cerebral infarction. A previous study demonstrated that plasma concentration levels of IL-6, TNF-α and IL-1β were upregulated in patients with cerebral infarction (17, 23, 24) . Another study revealed that the inflammation-related NF-κB signaling pathway was activated in patients with acute cerebral infarction (25) . It has also been indicated that cytokine production and NF-κB activation were upregulated in peripheral blood mononuclear cells of patients with cerebral infarction (26) . In the present study, the data indicated that aspirin treatment downregulated inflammation and NF-κB signaling in cerebrovascular endothelial cells in a mouse model of cerebral infarction.
It has been reported that apoptosis and ER stress are associated with aggravation of cerebrovascular diseases (27, 28) . Increased ER stress in cerebrovascular endothelial cells contributes to apoptosis of cells and aggravation of cerebral infarction (29) . Chen et al (30) demonstrated that the TLR4/NF-κB pathway was involved in cognitive impairment, and neuro-inflammatory and apoptotic responses. The results of the present study demonstrated that aspirin treatment downregulated TLR4 and NF-κB expression, which further decreased ER stress in cerebrovascular endothelial cells in a mouse model of cerebral infarction.
The present study investigated the efficacy of aspirin treatment in vivo and demonstrated that aspirin treatment improved thrombolysis by increasing the expression levels of TAFI and PAI-1 in cerebrovascular endothelial cells. One previous study provided further insight into the mechanism of activated TAFI self-destruction, which indicated that TAFI deletion mutant appears to be more stable than the activated TAFI control (31) . The tPA plasma concentration levels were increased in the mouse model of cerebral infarction following treatment with aspirin in the present study. In addition, previous studies have also has indicated the PAI-1regulates the balance of the plasma fibrinolytic and the blood coagulation systems, and further initiates or promotes the progression of cardiovascular disease (32, 33) . The findings of the present study have suggested that aspirin promoted thrombolysis in a mouse model of cerebral infarction through decreasing TLR4 and NF-κB expression levels in cerebrovascular lesions.
In conclusion, the present study examined the therapeutic effects and potential mechanisms of aspirin in the treatment of cerebral infarction. The results suggested that in a mouse model of cerebral infarction aspirin treatment improved cerebral infarction through decreasing inflammation and ER stress in cerebrovascular endothelial cells and may have also promoted thrombolysis through increasing the expression levels of ADP, PAIs, VWF and thromboxane. Compared with previous studies, the present study suggested that aspirin may modify cerebral infarction by decreasing TLR4 and NF-κB expression levels via mediated ER stress in a mouse model. This suggested that aspirin may contribute to thrombolysis through the regulation ofTLR4/NF-κB-mediated ER stress in mice model.
